1. Ten normal, non-asthmatic subjects performed an 18 min graduated exercise test on a static exercise bicycle on 3 separate days. They received either no medication, or propranolol 80 mg orally 2 h before, or ipratropium bromide 0.216 mg by inhalation 30 min before, the start of exercise.
Introduction
Large variations in airways resistance are fundamental in the pathophysiology of asthma but, although normal people also have bronchial smooth muscle, variation in airway calibre in health is considerably less well documented. In normal subjects, a decrease in total respiratory resistance [I] , an increase in mid mean expiratory flow [2] and an increase in maximum breathing capacity [3] during exercise have previously been described. This airway dilatation is also seen in asthmatic subjects [ l , 2,4-61 and occurs rapidly in response to sprinting [6] .
The sympathetic control of bronchial smooth muscle has been shown to be via circulating adrenaline [7] and it seems that direct sympathetic neural innervation of the airway is unlikely [8] . Earlier studies by our group have demonstrated that the quantity of adrenaline released by the adrenal medulla during exercise is sufficient to cause bronchodilatation [9] . It has been suggested that bronchodilatation during exercise is mediated by the sympathetic system [3, 10, 11] . However, evidence for 0-receptor blocking drugs inhibiting the airway dilatation seen during exercise is hard to find. When normal subjects receive 0-receptor blocking drugs a proportion develop post-exercise bronchoconstriction similar to that seen in asthma-tic subjects [ 121. Therefore the sympathetic system may be more important in protecting against postexercise bronchoconstriction, in susceptible individuals, than in mediating airway dilatation during exercise. This concept is supported by the failure of plasma adrenaline to rise in asthmatic subjects during moderate exercise, in contrast with normal controls [ 13, 141. Vagal inhibition has also been suggested as a possible mechanism of airway dilatation during exercise [6, 151 since normal subjects have resting vagal bronchial tone [ 161.
A previous study has reported that specific airways conductance, measured by body plethysmography, rises in normal subjects during exercise and that this is proportional to the work load [ 151. It also showed that &receptor blockade in four subjects did not alter this response either during or after moderate exercise but that atropine blocked the exercise effect.
The present investigation was undertaken t o define how transpulmonary index (TPI), used as a measure of airway resistance, changes with exercise work load in normal subjects. TPI was measured by an oesophageal balloon method [ 171, which enables repeated measurements to be made with little hindrance to the exercising volunteer.
In order to elucidate the iniportance of the autonomic nervous system in the control of the TPI response, the same exercise was repeated after blockade of the vagus by inhalation of ipratropium bromide and again after &receptor blockade with oral propranolol.
Methods
Ten normal men, who gave informed consent, were studied. All were non-smokers and not asthmatic. Four gave a clear history of allergic rhinitis and one of these also had atopic eczema. The remaining six were skin test negative to common allergens and gave no history of atopy. The mean age was 26 years (range 20-38), the mean weight 74kg (range 60-95) and mean height 1.79 m (range 1.70-1.97). Subjects who took no regular exercise or who took part in regular competitive sport were excluded, to try and reduce the variation of response to the set exercise test used. The protocol was approved by the hospital Ethical Committee.
Each subject performed a graduated exercise on 3 separate days, at the same time of day, at least 3 days apart. On each occasion they randomly received either no medication, or ipratropium bromide 0.216 mg by inhalation Because the peak inspiratory and expiratory flow rates of normal tidal breathing are both about 40 litres/min and those of severe exercise about 300litres/min [22] , we decided to measure the p / V relationship over a flow range of between -1.50-+150 and -200-+200 litres/min during a panting manoeuvre. This flow rate may be more physiologically relevant to exercise. In addition it had the advantage of being easily reproducible over the whole range of exercise, whereas the low flow rates are difficult to maintain when the subject is dyspnoeic.
TPI was derived by dividing the peak to peak transpleural pressure swings of the panting manoeuvre by the corresponding swings in flow rate. TPI has been used as an index for studying changes in the p / V curve and its absolute value is less important. The corresponding measurement using alveolar pressure we have termed AWI.
We considered using an isovolume method [ 171 where the pressures and flows are measured at mean lung volumes. This reduces the influence of compliance but requires an accurate integration of flow to calculate the points of mean volume. It also requires accurate determination of the phase relationship between flow and pressure. Although with measurements in virro our apparatus was accurate to within 5% up to 8 Hz it is more difficult to determine the frequency response when the catheter is in the oesophagus.
We have found that AWI correlates well with isovolume resistance when both are measured simultaneously by whole body plethysmograph (S. J. Jennings & J. B. Warren, unpublished work).
In six normal subjects studied during the same panting manoeuvre as used in the exercise test, AWI gave mean (+SEM) values of 8% (+3%) higher than those obtained by the isovolume method.
Whilst wearing a noseclip, the subject panted through a Fleisch no. 3 pneumotachograph, which was connected to a Statham PM 15 pressure transducer. The subsequent electrical signal was displayed on an oscilloscope and recorded on an ink-jet Mingograf paper recorder. Panting frequency was set at 2 Hz since this frequency has been recommended for measuring airways resistance [20] . The combined inspiratory and expiratory peak flow rate ranged between 300 and 400 litres/min. Although there was variation in flow rates between individuals, considerable effort was made to ensure that each subject kept the flow rate the same for all readings. This was done by displaying the flow rate on an oscilloscope with two markers on the screen indicating the desired flow rate amplitude. This was made easily visible to the subject so that they were able to adjust their flow rate during the panting manoeuvre. Panting frequency was displayed by a panting frequency meter so that this also could be kept constant. For each reading the subjects panted for 5-8 s, depending on how quickly they adjusted their flow rate and panting frequency to the preset value.
Pleural pressure was measured by the oesophageal balloon method [ 17 J . A fine bore polyethylene catheter was passed via the nose into the lower third of the oesophagus. The tip was covered with a thin latex balloon 10 cm long and 1 cm diameter. After the Valsalva manoeuvre to expel air from the balloon, 0.3-0.5 ml of air was introduced. The catheter was connected to a pressure transducer (Statham PM 13 ITC), which recorded transpulmonary pressure, via an amplifier, on the Mingograf. No reading was taken within lOmin of the tube being passed since we had previously observed, by means of whole body plethysmography, a small bronchoconstrictor effect after the passage of the catheter. This may have resulted from vagal stimulation but it did not last more than a few minutes. TPI was calculated from the Mingograf trace. For each value the last 2.5 s of the recording was analysed. The differences between adjacent inspiratory and expiratory peaks were measured over five cycles of the oesophageal pressure trace.
This gave a total of ten values and minimized the effect of drift. Each value was divided by the corresponding peak to peak flow rate difference to give TPI. The ten readings were averaged to give one mean value.
For each experiment the Mingograf trace was calibrated for flow by means of a Rotameter and for pressure by a water manometer.
On a fourth study day, nine subjects returned for measurement of minute ventilation during the same exercise test. With the subject wearing a noseclip, expired gas was diverted by a flap valve (Lloyd type) into a gasmeter (Parkinson Cowan). Ten litre increments were signalled via a potentiometer attached to the spindle of the gasometer and recorded on a Mingograf. The time taken for a full 10 litre sweep was measured and used to calculate the minute ventilation. Readings were taken at the same time intervals as the TPI measurements.
Heart rate was measured by electrocardiogram for 30 s before each TPI measurement.
The same equipment, laboratory and observer were used for all experiments. The laboratory was air-conditioned and the air temperature during the experiments ranged from 19.5 to 23.0"C (mean 20.7 * SEM0.2).
Results are presented as means f SEM.
Results
All subjects completed the exercise test when given no medication or ipratropium bromide. On the day they received propranolol, only eight managed 18 min of exercise and all noticed that propranolol made the exercise more tiring. One subject stopped 17 min and one stopped 16 min after the start of exercise after TPI and heart rate readings because of exhaustion. These readings were included as 18 min values.
From Table 1 it will be seen that when no drug was taken TPI fell linearly during exercise. A highly significant negative correlation was obtained by plotting work load against TPI (correlation coefficient =-0.985).
TPI returned to baseline between 2 and 4 min after the cessation of exercise. The results were analysed and it was found that the errors were approximately normally distributed with a zero mean. Therefore significance has been tested with a Student's t-test. Two hours after ingestion of propranolol TPI increased slightly but not significantly. With propranolol, TPI again fell linearly with increasing work load (correlation coefficient = -0.990) and the 18 min TPI value was not significantly different from the value after no drug had been taken. During exercise there was no significant difference in the intercept or the slopes of regression lines for propranolol or no Analysis of the TPI response on the 3 study days showed no significant difference in response between the atopic and non-atopic subjects.
The heart rate response to exercise is shown in Table 2 . There was no significant difference in the mean baseline heart rate on the 3 study days.
With no medication heart rate increased progressively with exercise to a maximum value of 17 1 * 4 beats/min, which was not significantly different from the maximum value obtained after ipratropium bromide (1 66 f 5 beats/min). After ingestion of propranolol all mean heart rate values were significantly lower than when no drug had been taken (P < 0.05 for all readings). Table 3 shows the changes in minute ventilation during the exercise test.
In order to test the reproducibility of measuring TPI, the ten measurements which make up the one baseline reading on the day that no drug was taken, were analysed for each subject. The difference between the lowest and highest measurement was divided by the mean of the ten measurements and multiplied by 100 to give a percentage value. For the ten subjects this value ranged from 9 to 26% with a mean of 19%. We could detect no significant error between observers in the measurements since they were made by determining a line length by ruler. The variation in baseline readings of TPI on the 3 study days were also analysed. Each reading was expressed as a percentage variation from the mean of the three values for each subject. The standard deviation of this percentage variation for all ten subjects was 7%.
Discussion
Studies of the airway response to exercise in normal and asthmatic subjects have demonstrated that airway dilatation occurs during exercise However, other work suggested that it is mediated by inhibition of vagal tone and showed that propranolol had no effect on the specific airway conductance response to moderate, short duration exercise [15] . The .present study confirms that airway dilatation occurs during exercise and agrees with the finding that it is closely related to work load [15] .
We have previously demonstrated that the level of adrenaline found during exercise is sufficient to cause airway dilatation [9] . However, the progressive airway dilatation with increasing work load found in this study was not inhibited by 0-receptor blockade and therefore appears not to be mediated by circulating adrenaline. It has been suggested that the normal increase in peak expiratory flow rate during exercise is a suitable method of assessing 0-receptor blockade [lo], but our results agree with a previous criticism [23] that this method is unsuitable.
Inhibition of resting vagal tone is a far more likely explanation of the airway dilatation seen duringexercisesince ipratropium bromide decreased resting TPI to a similar level to that obtained at the end of exercise when no drug was taken.
Propranolol caused an increase in post-exercise TPI. The timing of the onset and duration of this increase was very similar to the pattern seen in exercise-induced asthma [2], although the magnitude was less. It therefore seems likely that circulating adrenaline has a protective effect on the airway against the potentially constrictive effects of exercise. This concept of adrenaline exerting a protective effect on the airway is supported by data showing a failure of plasma adrenaline to rise in asthmatic subjects during moderate exercise It has been shown that atopy is associated with exercise-induced asthma [25] and also that subjects with hay fever are slightly more sensitive to cold air inhalation than normals [26]. The failure to show any significant difference in this experiment according to atopic status may have resulted from insufficient numbers.
The decrease in TPI which occurs during exercise may be physiologically important in minimizing the work of breathing by reducing the muscular effort required to produce the high flow rates during heavy exercise. Certainly airways resistance can be rate limiting in exercise since the addition of a small external resistance to the airway can decrease the capacity for work in normal individuals [22] . The physiological advantage of resting bronchomotor tone is more difficult to understand. It has been suggested that resting bronchomotor tone reduces the work of breathing at rest, when flow rates are low, by reducing dead space [27] . Unfortunately this has been hard to prove because of the difficulties of measuring dead space [28] .
It is technically difficult to make measurements of total lung volumes during exercise and it is therefore not possible to state whether an increase in lung volume could have caused the fall in airways resistance we observed. However, several pieces of work have shown that functional residud capacity falls slightly, although not significantly, during exercise [15,29-311 and this would tend to produce an effect on TPI opposite t o that which we observed. The TPI response t o exercise after propranolol and ipratropium are also difficult to explain as drug-induced changes in lung volumes. Furthermore, it has been suggested that normal subjects do not change their lung volumes after exercise [32] . By not making measurements of lung volumes we also avoided the possible influence of deep inhalation on airway resistance [33] .
The measurements we made do not take into account nasal airway resistance, which is important because most normal subjects switch from nasal to oral breathing only when minute ventilation is approximately 35 litres/min, although there is considerable individual variation [34] . From our measurements of minute ventilation, it will be seen that this switch would normally have occurred about 9 min after the start of the exercise test we used.
Changes in TPI may have resulted from altered bronchial smooth muscle tone, altered lung elastic recoil or altered pharyngeal and upper airway resistance. The effect of measuring oesophageal pressure rather than intra-alveolar pressure increases the value of resistance by about 15% [17]. The majority of the changes in TPI probably resulted from the upper airway and first six divisions of bronchi [35] . The absolute values of TPI we obtained are only valid for the panting manoeuvre we used, but since this was standardized then changes in this value are valid.
If the normal physiological response to the increased ventilation associated with exercise is to reduce TPI by inhibiting vagal tone, then in lung disease where minute ventilation is greatly increased at rest or on minimal exertion, the work of breathing may theoretically be reduced by pharmacological vagal blockade, even in the absence of abnormal bronchoconstriction.
Normal subjects show quite a marked fall in TPI with exercise and this is closely related to work load. Our data suggest that this phenomenon is mediated by inhibition of resting vagal tone. The results after 0-receptor blockade support the hypothesis, originally put forward in 1912 [7] , that one of the functions of the adrenal gland is to counteract stimuli which tend to produce bronchoconstriction.
